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MODEL  STUDIES  C  ■  THE  BEHAVIOR  OF  UHEERWATER  EXPLOSIOK  BUBBLES 
■  N  COirCACT  WITH  A  RIGID  BOTTOM 

By 

John  F.  Goertner 
John  R.  Hendrickson 
Richard  G.  Leaaon 

ABSTRACT:  The  behavior  of  the  eicploslon  bubble  In  contact  vlth  a  rigid  botton  vat 
Investigated  on  a  sm'ill  scale  using  hl|^  speed  photograihy.  The  experiments  vere 
carried  out  in  a  vacuum  tank  vlth  0.2-greatt  charges  fired  above  a  2-lncii  thick 
aluminum  plate.  Teso  conditions  vere  varied  by  svall  Increments  so  that  a  covple 
sequence  of  changing  bubble  behavior— from  bubbles  \dildi  remained  Intact  on  the 
bottom,  to  bubbles  vhlch  split  into  tvo  or  more  parts,  to  btibbles  Which  sepsnrated 
from  the  bottom* Intact — vas  observed.  A  qualitative  description  of  the  bubble 
behavior  along  vlth  its  dimensions  at  maximum  volume  and- -for  strongly  migrating 
bubbles — at  minimum  volume  is  presented  in  dimensionless  form  as  a  function  of  tl 
inverse  Froude  number,  the  amplitude  of  oscillation,  and  the  distance  to  the  vat< 
siirface.  The  qmlitative  behavior  appears  to  be  different  fpoo  that  observed  vli 
HE  field  tests  on  cratering  bottoms.  Other  factors  being  equal,  there  appears  ti 
be  a  greater  tendency  for  a  bubble  to  stick  to  a  cratering  bottom. 
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TBic  work  described  here  was  sponsored  by  the  Advanced  Researdx  Projects  Agency  of 
the  Department  of  Defense.  The  investigation  of  bottom  phenomena  for  this  sponsor 
was  initiated  under  Task  SOIf-785/AREA,  titled  "Source  Level  and  Containznent  Meidian- 
ism  Studies  of  Itoderwater  Explosion*,  ”  and  was  continued  ux^er  Task  1!I0L-I50yteis:i, 
ti'^led  "tfederwatcr  Explosion  On-Site  Inspection  Researdi."  The  reaxilts  reported 
represent  a  first  attempt  to  analyze  a  series  of  bottom  shots  in  a  laboratory  tank 
facility,  and  the  conclusions  are  considered  to  be  preliminary.  The  data  have 
applications  in  the  study  of  the  damaging  effects  of  conventional  weapons  and  in 
the  investigation  of  the  possibility  of  the  caatalraaent  of  the  products  of  a  clan¬ 
destine  nuclear  test  at  sea  by  firing  on  the  bottom.  Mention  of  commercially 
available  products  in  this  report  does  not  constitixte  criticism  or  endorsenw^  by 
the  Laboratory, 

The  new  experiments  reported  here  were  carried  out  by  P.  S.  Sherman  and  R.  G.  I^amon 
The  authors  wish  to  acknowledge  the  considerable  editorial  assistance  rei^ered  by 
Dr.  E.  Swift,  Jr.  and  Dr.  G.  A.  Young. 


E.  F,  SCHRETTER 
Captain,  USH 
Coomander 


C.^.  AROSSOR 
By  direction 


^KSiaftfeSSKn^ 


1 

i 

Nom  68-207! 

■j 

\ 

« 

V 

(X)BEg8TS 


Page 


1.  IITIRODUC3TION . 1 

1.1  Backgromd . 1 

2.  MODEL  TKT  RESUIffS  . .  2 

2.1  Method  of  Modeling . 2 

2.2  Bubble  Migration  Behavior  ...  .  .....  3 

2.3  E:cx>^rirBsntsl  Results  . . . .  ^ 

3.  COMPARISON  WITH  PROTOTTPE  DAJEA .  7 

3.1  Equations  for  Coa§>aring  Model  and  Prototjfpe  Bata . .  7 

3.2  CoD^parison  with  Prototype  Data  for  Cratering  Bottoias  .  .  9 

3.3  Observations  of  Enhanced  Migration  and  Jetting .  11 

4.  SUMMARY  OP  RESULTS  . . 12 

5.  CONCLUSIOTS  AND  RECOMMENDATIONS . 12 

REFERENCES . ik 

APPENDIX  A  -  CALCULATION  0?  MODEL  PARAMETERS . .  .  A-1 

APPENDIX  B  -  ANALYSIS  OP  UNCERTAINTIBS  IN  TEE  MODEL  TESTS .  B-1 

APPENDIX  C  -  HICffl-GRAVirY  TANK  TESTS  ON  A  NON-CRATBRINO  BOTTOM .  C-1 

APPENDIX  D  -  EXPERIMENTAL  DETAILS . .  D-1 


ILLUSTRATIONS 


Figure  Title 

1  Sticking  Bubble  .  17 

2  Splitting  Bubble  .  I8 

3  Splitting  Bubble .  I9 

4  Weakly  Migrating  Bubble  (Intermediate  Case)  .  20 

5  Strongly  Migrating  Bubble  .  ..........  21 

6  Behavior  of  Bubbles  on  Non-Cratering  Bottom  as  a  Function  of 

^'Vin/^max^c . 23 

7  Reduced  Equivalent  Radius  (A5jax)eq/\Amax)c  First  Kaxiiaam— 

Non-Cratering  Bottom . 24 

8  Reduced  Diameter  Dnmy/(A^y)p  at  First  Heiximum— Non -Crate  ring  Bottom.  25 

9  Reduced  Hei^t  c  First  Maximum— Non-Cra.tering  Bottom.  .  26 

10  Height-to-Dlameter  Ratio  Hmax/^Wx  ^^st  Maximum— Non-Cratering 

Bottom  ,  .  .  . 27 


iii 


HOiiiR  S-aoT 


Figure  Title  Page 

11  0bservati<m8  of  Jet  I^^wict  for  Migrating  Bubbles  as  a  Function 

of  (A^^d)^  ~  Non-Cratering  Bottcm . 28 

12  Different  Migrating  Bubble  Behavior — ^At  a  Time  J'ost  Before  the 

First  Minimum . . . 29 

13  Ccoperison  of  Reduced  First  Period  Bubble  Migration  With  and  Without 

Bottom — Strongly  Migrating  Case,  d  «  1  ft . 30 

14  Comparison  of  Redticed  First  Period  Bubble  Migration  With  end  Without 


Bottcm— Strongly  Migrating  Case,  d  =*  2  ft . 31 

15  Reduced  Minimum  Diameter,  D  .  /(A  )  as  a  Function  of 

o  min  max  c 

'^■^max^c  (A^^r,/(A^y)^  —  Strongly  Migrating  Case, 

Kon-Cratering  Bottom . .  33 

16  Comparison  of  Hon-Cratering  Model  Behavior  with  Observations  from 

Full-Scale  Tests. . . . .  .  3^ 

17  Comparison  of  Non-Cratering  Model  Behavior  with  Estimates  from 

Field  Tests . . . . . 35 

A-1  Ratio  J*  as  a  Function  of  P  /Z  for  0.2-gm  Lead  Aside  Charges  in 

NOL  Vacuum  Tank  . . A-6 

A-2  Ratio  K*  as  a  Function  of  for  0.2-gcs  Lead  Aside  Charges  in 

NOL  Vacuum  Tank . . . .  A-T 

C-1  Behavior  of  Hi{Ji-Qravlty  Tank  Bubbles  on  a  Non-Cratering  Bottom 

as  a  Function  of  (^2/a _  )  and  (A  .  /A  ) . C-2 

'  max'c  min'  max'c 


TABLES 

Table  Title  Page 

1  Experimental  Data  from  Shots  on  Rigid  Bottom  . . 36 

2  Characteristic  Numbers  and  Dimensionless  Data  for  Shots  on  Rigid 

Bottom . 381 

3  Measured  Data  at  First  Biibble  Minimum  for  Strongly  Migrating 

Bubbles.  .  . . 40 

4  Some  Prototype  Bubble  Parameters . 8 

A-1  Experimental  Data  from  Control  Shots — 1967  Test  Program . A-8 

A-2  Computed  Data  from  Control  Shots — 1967  Test  Program . A-9 

B-1  Comparison  of  Vacuum  Tank  and  Field  Test  Uncertainties . B-3 


HOIffiR  68-20T 


LIST  OP  SIKSOTS 

A  a  Maximum  bubLle  ludius  (ft) 

max  ' 

(a  )  =  Radius  of  hemisphere  of  volume  equal  to  Tsaxitnum  volume  of  bottom  shot 

““  bubble  (ft) 

(a  )  =  Maxiuium  bubble  radius  of  control  shot  (ft) 

max  c 

A^^^  *  Minimum  bubble  radius  for  a  non-migrating  bubble  (ft) 

c  »  Subscript  indicating  control  shot 

d  "  Charge  depth  (ft) 

D  =  Diameter  of  bottom  shot  bubble  at  maximum  volume  (ft) 

n»x 

D  .  =  Diameter  of  strongly  migrating  bottom  shot  bubble  at  instant  of  Jet 

impact  ( ft ) 

g  =  Acceleration  of  gravity  (ft/sec^) 

H  ■  Heif^t  of  bottom  shot  bubble  at  maximum  bubble  volume  (ft) 

mx 

J  =  Bubble  radius  coefficient  in  test  tank  (ft^'*^^/lb^'^^) 

J  =  Bubble  radius  coefficient  in  infinite  uater  (ft^^^/lb^*^^) 

K  =  Bubble  period  coefficient  in  test  tank  (sec-ft^^^/ib^^^) 

K  =  Bubble  period  coefficient  in  infinite  water  (sec-ft^^^/lb^^^) 

N  =  Bubble  'lininjum  radius  coefficient  (ft  ^^^) 

^air  ^  pressure  (ft  of  water) 

=  (Bubble  parameter  defined  on  page  A-5 

(P  )  =  Minimum  pressure  inside  bubble  when  no  boiling  occurs  (ft  of  fresh  water) 

max  o 

^vap  *  Vapor  pressiirs  of  water  (ft-  of  fresh  water) 

R  «  Radius  of  cylindrical  test  temk  (ft) 

Ratio  J°  =  Change  in  bubble  maylmua  radius  due  to  presence  of  test  tank 
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Ratio  K°  »  (Siaoge  in  bubble  period  due  to  presence  of  test  tank 
Ratio  J*  =  Change  in  bubble  aaxiffluju  radius  dua  to  boiling 

Ratio  K*-  3  Cheutige  in  bubble  period  due  to  boiling 

8  =■  Standard  deviate  estlmts 

T  *  First  bubble  period  (sec) 

“  First  bubble  i)eriod  of  control  shot  (sec) 

W  »  Charge  wei^t  (lbs) 

Z  =  Hydrostatic  pressure  at  deitb  of  explosion  (ft  of  viater) 

a  =  Free-surface  correction  coefficient  for  bubble  period 

Y  =  Adiabatic  exponent  for  gas  inside  bubble 

6  =  Upward  displacement  measured  from  rigid  bottan  (from  point  of  explosion 

on  control  shot)  (ft) 

^cent^r  displacement  at  time  T,  measured  to  center  of  bubble  (ft) 

=  Upward  displacement  at  time  T,  measured  to  top  of  bubble  (ft) 


i 

S3?UDI^  OF  ’nm  BSIAVIOR  OF  ORIKRHAa?ffl  EXPIOSIOH  BUBEIJ;., 

IN  comoT  vm  a  rioid  wmm 

1.  EffiRODDCTIOB 

l.i  Backgrc3fuad 

Mhen  a  conventloijal  hi^  expiosive#  buc^  as  is  detonated  xmder  water,  a 
shock  Ms-ve  is  emitted  and  a  bubble  of  gasecms  explosion  products  is  forroed.  In 
general,  this  bubble  oscillates  a-d  inigi'ates  -coward  the  surfecs,  its  behavior 
depending  on  "tbe  charge  vei^t,  depth,  and  the  proxislty  of  a&arby  surfaces »  As  I 

early  as  World  War  II,  it  -was  known  that  -the  migration  of  a  bubble  formed  by  an  I 

explosion  in  the  -/icinity  of  the  sea  bed  wo^iid.  differ  from  the  aigxution  of  a  bubble  | 
produced  by  the  same  explosive  charge  at  -the  same  depth  In  free  water*.  Since  a 
migrating  bribble  Is  capable  of  damaging  ^ips  and  sttbraarines,  bottom  proximity  could 
affect  the  damagirg  capabilities  of  mines,  and  detailed  studies  of  the  ;0xenottena 
>4iare  conducted  (e.g.,  Shiffosan  and  FriedBajj,  3.944)**.  | 

In  general,  it  was  believed  that  the  sea  bottom  would  redtxce  the  upward  tsigra- 
tion;  however,  the  process  was  not  fully  understood  and  -the  theoretical  treatments  | 
were  not  entirely  successful  (Cole,  1948).  In  1953>  Snay  re-examined  the  effects  i 

I 

of  the  sea  bottom  on  bubble  migration  and  presented  new  damage  cxirvcp  for  mines.  j 

He  made  some  vise  of  smeill  scale  information  acquired  in  the  Naval  Ordnance  Laboratory 
Vacuum  Tank  (static  tank)  In  1952,  but  relied  mostly  cm  full-scale  data  for  his 
daxmgc  predictions.  j 

In  1961,  Murray,  Santamaria,  and  Clifford  utilized  the  data  published  by  Snay  j 

1 

(1953)  and  field  test  data  from  other  sources  to  develop  a  mezins  of  estimating  -the  j 

i 

effeert  of  the  bottom  on  bvdibie  migration.  Sven  at  this  stage,  a  ccmsiderable  amovait 
of  spec’Jiiatioa^  based  on  indirect  information,  was  needed  in  order  to  obtain 
engineering-type  sstimates. 

In  1965,  the  Naval  Ordnance  laboratory  began  a  stvxdy  of  the  po.'ssibility  of  | 

concealment  of  "the  e-vidence  of  a  clandestine  nuclsen:  test  in  the  ocean,  as  the  j 

presence  of  a  bottom  would,  in  some  cases,  I’ssult  in  su3?pres8ion  of  the  upx^rd  j 

bubble  migration,  it  •vs.s  believed  "that  it  ai^t  be  possible  to  conduct  such  a  test  j 

i 

- - - I 

*  The  term  ''free-water  explosion'’  refers  to  an  explosion  remote  from  the  bottom.  j 

I 

**  References  are  .listed  on  page  l4.  | 
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at  a  selectetd  depth  oa  the  hottoe  and  have  no  fission  prod'octs  arrive  at  the  earfae®, 
even  thctij^  a  free'-vater  ^^clear  test  at  the  sane  charge  depth  vonld  result  ia  the 
foimtion  of  a  ladioactive  surface  pool.  As  the  available  data  vsi«  not  adegtaite 
to  establish  the  critical  bottom  depth  for  the  elimination  of  bubble  laigraticstt,  a 
nev  series  of  tests  uns  conducted  in  the  IR3L  El^-Oravit^  Sank*,  ^ese  data  showed 
discrepancies  vith  the  previous  Vacuoffl  Tank  study  (Shertaa,  19^5 )  and  vith  the  srall- 
able  field  test  data  (Sna^^  7  i!53;  Hunay,  et  al,  196I;  Ycmng,  1968). 

In  an  attempt  to  resoll  '  ..hese  discrepancies,  an  additional  progrsa  was  ccmdr^ed 
in  the  Vacinaa  Tank  during  196'f .  This  report  is  vritten  to  give  *  he  results  of  that 
progiam  and  to  show  where  the  new  data  agrees  or  disagrees  with  previous  data  obtiilaed 
in  both  nciel  and  field  tefsts. 

At  thi  present  time,  it  has  not  beer  possible  to  resolve  the  discrepancy 
between  'th  'ig>i-(  cavity  and  Va'*uum  Tank  results,  and  this  analysis  is  restrictied 
to  the  da  'op  the  tank.  A  5f  susnsary  of  the  High-Gruvity  Tank  results 

is  given  in  tendo'.'  C- 

MOIffiL  T^f  RESULTS 

2.1  Method  of  Modelin;::; 

The  scaling  ascribed  by  Snay,  Goertusv,  and  Price  (1952)  and  by  Ooertner  (1956) 
was  used  for  th'.s  stud*'.  Ae  in  the  former  work,  correspondiag  model  and  prototype 
conditions  were  calculated  for  free-w&ter  explosions  usi-,^  experiwental  values  of 
the  first  period  bubble  paraiceters—both  model  and  prototype.  "Kis  fre-e-weter  case 
is  used  since  it  is  assimsed  that  if  geometric  and  dynamic  similarity  hold  for  the 
model  and  prot«^ype  explosion  r«aote  from  the  borttcm,  it  will  also  hold- -to  good 
approximation— upon  introduction  of  corresponding  bottoms,  i.e.,  the  false  bcfttom 
in  the  tesu  tank  and  real  bottom  in  the  pi’ototyps.  ?ree-water  explosions  t.t  test 
coiaditions  identical  to  the  model  or  prc?totype  bcsttom  shot  (except  for  the  absence 
of  the  bottom)  are  referred  to  as  "control  shots." 

The  criterion  for  similarity  between  model  a’*d  prototype  was  that  the  three 
characteristic  nushers  (sS 

1964)  be  the  same  for  the  model  and  prototype  explosions,  ^Aierei 

*  Strictly  speaking  the  K)L  High-Gravity  Tank  is  a  ’Srariable  gravity"  vacuum  tank 
taounted  on  a  centrifuge,  \&crt».s  the  IfOL  V&cvaxm  Tanic  is  a  stationary  (one-g)  vseuam 
tans.  Additional  informtion  on  these  test  facilities  can  be  obtained  from 
the  references  cited  in  the  first  paragraph  of  Appendices  C  and  D,  respectively. 
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^  =  TEaxlraiaa  bubble  radius,  ft 

max 

.  d  =  depth  of  explosion,  ft 

A  =  theoretical  valxje  of  the  raiixiBStaa  bubble  radius  for  a  non-nigrating 
bubble  at  the  saoe  hydrostatic  pressure  as  the  wigratiDg  one,  ft 

g  =  acceleration  of  gravity  »  32.15  ft/sec^ 

T  =  first  period  of  bubble  oscillation,  sec 

subscript  *’c”  indicates  control  shot- 

,■  characteristic  nujtbers  (gx  /A )  ,  (A  .  /a  )  ,  amd  (A_„  /d)  can  be 

®  '  nsBx'c^  '  min'  mx  c^  '  lasiX  'c 

thought  of  as  measures  of  the  buoyancy,  amplitude  of  pulsation,  and  free-surface 
geometry  during  the  first  period  of  oscillation.  Ihe  first  nua4)er  gives  a  measure 
of  the  ratio  of  gravity  force  to  inertial  reaction  for  a  water  particle;  i.e.,  it 
is  the  inverse  of  the  Proude  nvmiber.  ISie  compxitations  of  the  model  control  shot 
parameters  are  described  in  Appendix  A.  A  sample  calculation  for  the  prototype  is 
given  in  Section  3.1* 

2.2  Bubble  Migration  Bdbavior 

In  the  1967  program  of  tests,  three  strings  of  shots  vere  fired.  On  each 
string  the  depth  of  explosion  end  the  uater  temr«2^ture  uere  held  constant  >Mle 
the  air  press’ore  w&s  varied  by  small  increments.  K»s«itially,  this  amounted  to 

bolding  the  characteristic  nunibers  (A  .  /a  )  and  (A _  /d)  constant  and  In- 

creasing  the  inverse  Froude  auaber  (^2/a  )  30  that  along  each  string  the  bubble 

DJfitX  C 

behavior  varied  slovlj.'  from  "sticking, "  or  renaining  intact  and  jjulsating  on  the 
bottom,  to  "strongly  migrating, "  vhe  '  the  entire  bubble  pulled  away  from  the  bottom 
and  then  bdiaved  similarly  to  an  explosion  in  free  water- 

This  transition  from  "sticking"  to  "strongly  migrating"  encompassed  a  complex 
sequence  of  changing  bubble  behavior  which  was  qualitatively  similar  for  each  of 
the  strings-  The  following  list  is  an  attempt  to  describe  this  sequence: 

(a)  The  entire  bubble  stays  on  the  bottom  through  all  of  its  OBcillstions. 

An  example  of  this  type  of  behavior  is  shown  in  Figure  1-  As  the  bxxbble  contracts 
to  the  first  minimum,  it  distorts  into  an  upper  and  lower  portion  connected  by  a 
narrov  stem.  These  then  coalesce  as  the  bxibble  expands  to  its  second  maxi®uia. 

(b)  The  bvbble  splits  into  two  or  more  parts-  The  lover  portion  remains  on 
or  near  the  bottom.  Figure  2  shows  an  example  xhere  the  bubble  pc-parated  Into 
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tvo  major  parts  during  the  third  cycle*.  Figure  3  shovs  an  example  ^ere  the 
bubble  appeared  to  shattci  Into  four  or  taora  ;^rts  during  the  second  contraction. 

(c)  The  entire  bubble  moves  avay  from  the  bottom  vfcile  it  is  still  Ooclllatlng 
Examples  of  this  b^avior  sire  shown  in  Figures  4  and  5^ 


(As  evidenced  by  the  photographs  shown  in  Figure  5f  a  migrating  bubble  may  subse¬ 
quently  split  as  it  migrates  to  the  surface.  Such  splitting  has  sossisiimes  been 
observed  also  on  free-water  explosions  in  tanks.  To  cjur  knowledge  thi^;  type  of 
bubble  splitting  has  never  been  investigated. ) 

Ferley  and  3nay  (19®)**  describe  formation  of  the  re-entrant  type  Jet  ^ich 
forms  at  the  bottom  of  a  free-water  bubble  during  first  colls pse  in  the  presence 
of  a  strong  pressure  gradient  due  to  gravity.  With  bottom  explosions — vdien  the 
entire  bubble  pulls  away  dviring  the  first  contraction — a  similar  re-entrant  Jet 
often  ocCTurs. 

In  the  tests  reported  here,  the  inside  of  the  bubble  could  not  be  seen. 
Consequently,  the  occurrence  of  the  Jet  and  its  impact  with  the  upper  surface  had 
tc  be  inferred  from  the  discontinuous  eruption  of  the  upper  surface  >4ilch  occurred 
at  this  instant.  When  this  eruption  occurred  at  the  instant  the  bubble  readied  its 
miniiaiim  cross-section,  the  flow  appeared  similar  to  that  observed  at  Jet  in^ct 
with  free-water  bubbles.  These  hubbies  were  classified  as  "strongly  migrating" 

(see  last  pai’agraph  on  page  5). 

2.3  Experimental  Results 

The  migration  hehavi.-.  was  classified  by  viewing  the  film  records  in  motion. 

The  following  classifications  were  used  for  the  bubble  behavior  observed  in  the 
Vacxnim  Tank  model  experiments: 

Sticking  —  The  entire  bubble  stays  on  the  bottom  through  all  of 
its  oscillations. 

Splitting  --  Ihe  bubble  breaks  into  two  or  more  parts.  The  lower 
portion  remains  on  or  near  the  bottom. 

Migrating  —  The  entire  bubble  moves  away  from  the  bottom  idiile 
it  is  still  oscillating. 

Observations  of  the  bubble  migration  behavior  in  "ohe  static  tank  are  presented 

in  Figure  6  as  a  fuiiction  of  ths  characteristic  numbers  (^  /a  )  and  (A  .  /a  ) 

c  uixn  Lucoc  c 

*  For  splitting  and  migrating  bobbles,  ths  terms  "maximum"  and  'SBiaimuaj"  for  the 
successive  eyries  of  bubble  oeciUation  become  imprecise  after  the  first  mini¬ 
mum.  Uiey  are  used  here  to  convey  ths  impression  of  oscillation  ^Ich  one  gets 
Vilen  viewing  the  films. 

**  Figure  1.1  and  related  discussion  on  ;age  1. 
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for  control  shots  (no  bottom)  at  the  same  test  conditions.  Uie  dashed  lines  rou^ily 

indicate  the  regions  of  different  b^avior.  A  plot  analogous  to  Figure  6,  but  in 

three  ditaensions  as  a  function  of  /A  )  ,  (A  .  /A  )  ,  and  (A  /d)  ,  revealed 

'  max  c^  min'  max  '  taox  <y 

the  t’nexpected  invariance  of  this  behavior  classification  with  (A_^  /d)  .  Hoveverj 

IBbX  C 

the  sxJbsequent  behavior  of  the  "migrating"  bubble  does  depend  on  (A^.^^/d)^.  See, 
e.g.,  Figure  11. ) 

In  addition  to  the  qualitative  evalxiation  of  the  bubble  migration  bdisvlor,  it 
was  possible  to  acquire  qviantitetive  data  on  the  size  ar.d  displacement  of  the  bub¬ 
ble  in  imny  cases.  At  maximum  volume  the  bubble  was  approximately  hemispherical 
and  its  volume  calculated  by  numerical  integration  averaged  82^  of  the  control  shot 
volume. 

Defining  an  equivalent  maximum  radius  for  the  bottom  shot,  (A  )  ,  as  the 

tnELX 

radius  of  a  hemisphere  of  equal  volvnne,  the  average  value  of  the  ratio 

(a  )  /(a  )  was  given  by 

max  eq' '  max  c 


(A  ) 

max  eq  ,  ,o 

Ta  F  = 

max  c 


(1) 


1/3 


The  individual  measurements  of  this  ratio  are  plotted  in  Figure  7*  (Note:  (2) 

( Ap^  y  )  0^ 

1,26  =  -77 — -y^  for  a  hemisphere  of  volxune  equal  to  the  control  shot. 

'^max^c 

Within  the  limits  of  experimental  scatter,  the  size*  and  shape  of  the  bubble 
at  maximvun  volume  appeared  to  be  independent  of  the  three  characteristic  nusbers 
)_,  (A_^^/a _ )  ,  and  (A  /d)  .  Individual  measurements  of  the  mximun?. 


(gT^/A  )  ,  (a  ,  ,  ,  . 

'  nax  c  min  nax  c  max  c 

bubble  diameter  D 


ma: 


/(A  )  ,  the  hei^t  H  /(A  )  ,  and  their  ratio  H^^/D  are 

X  max  c^  max'  max  mx  max 


shown  in  Figures  8,  9,  and  10*  Average  values  are 


I’  H  . 

max  ^  max  _  ,  _m^  ..  a  ct  /a\ 

Tk — Tk — r  ■  D 

'  max  c  max  c  max 

Ihe  experimental  data  used  to  construct  Figures  6  through  10  are  tabulated  in  Tables 
1  and  2.  In  Figures  7  through  10  it  is  not  meant  to  imply  any  functioneil  dependence 
on  (a  )  ;  these  plots  sire  presented  to  exhibit  the  individual  aeasureaents . 

133Gp3C  c  2  ^ 

It  was  observed  that  for  some  of  the  largest  values  of  gH  /A  (greatest 

TDEUC 

buoyancy  forces)  the  bubble  motion  resembled  that  of  a  gravity-migrating  bubh_e  in 
free  water.  For  these  "strongly  migrating"  bubbles,  the  phenomenon  of  Jet  impact 
described  in  Section  2.2  vs.s  observed  to  occur  as  the  bubble  reached  its  minimuBa 


*  Size  relative  to  (A  )  . 

max  c 
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volasae.  In  photograjhe  of  "vaokly  Klgrating"  bubbles,  it  vets  laore  difficult  to 
distinguish  jet  impact;  and,  impact  always  occurred  after  the  bubble  had  passed 
minlauK  volume.  Kiese  observations  of  jet  impact  are  plotted  as  a  function  of 
(sfJ?  '“i'i  (A^^d)^  in  Figure  11*.  They  did  not  vary  within  the  limited 

^^mitt'^^max^c  these  tsodel  tests  (0.06$  *0«»065)» 

However,  it  should  be  pointed  out  that  (A  .  /k_^  )  is  often  mudi  larger  for  proto- 
type  biibbles. 

Strongly  migrating  bubbles  can  also  be  identified  by  the  behavior  of  the  rtem 
shidi  develops  between  the  bubble  and  the  bottom  as  the  bubble  collapses.  For 
strongly  migrating  bubbles,  this  stem  pulls  away  from  the  bottom  and  turns  inside 
oxxt  to  form  the  upward  moving  jet.  These  difrerences  in  appearance  cxf  the  stem  as 
it  collapses  are  sketcdied  in  Fi^jOure  12.  Photographs  of  the  intermediate  case,  where 
the  stem  connection  to  the  bottom  during  the  first  contraction  is  vertically  walled 
and  collapses  iq>on  itself  as  the  bubble  separates  from  the  bottom, were  shown  in 
Figure  U. 

Bie  time,  T,  to  jet  impact  for  the  strongly  migrating  bobbles  is  listed  in 

Table  3  along  with  the  ratio,  T/T  ,  to  corresponding  free-weter  control.  Since 

c 

T  is  analogous  to  the  first  bubble  period  of  tbe  migrating  bubble  from  a  fret -water 
explosion,  it  will  also  be  referred  to  as  the  first  bubble  period  and  the  same 
syrifcol  will  be  used  to  designate  it.  Ihe  ratio,  did  liot  vary  over  the  range 

of  these  tests.  Its  average  value  was 

=  l.ll^  (3) 

c 

•sdilch  is  near  the  center  of  the  range  of  the  date  listed  by  Murray  et  al  (l96l, 
Figvire  l6),  for  larototype  explosions  on  various  types  of  cratering  bottoms. 

Ihe  upward  displacement,  6,  of  the  &trongl;y  migrating  bubbles  at  titae,  T, 

(first  period  migration)  is  compared  with  tlmt  observed  for  controls  (free  water) 
in  Figures  13  and  14.  Figure  13  shows  data  for  the  1-foot  model  depth;  Figure  l4, 

♦  Figure  11  gives  a  breaMown  into  two  cLassifications  of  tbe  observations  of 
taigrating  bubbles  indicated  in  Figure  6.  To  xuiderstand  the  interrelation  between 
these  two  figures,  it  is  necessary  to  visualize  a  three  dimensional  space  with 
coordinates  (^ain/'^Wx^c*  ^  apace.  Figure  6  is 

then  the  projection  on  the  tsf^/A^ax^c^  (Amin/Aro^7c  plane— without  distinction  as 
to  type  of  migrating  bubble  b<*avior.  And,  Figure  11  is  the  projection  of  migrat¬ 
ing  bubb.le  data  points  on  the  (gT^/A,,-  )^,  (AB^/d)^  plane  ming  different  eyrnbols 
for  the  two  types  of  migrating  bubblenfhavior.  Ihe  dashed  lines  in  Figure  6  axe 
thus  projections  of  planes  parallel  to  the  (A^  /d)  axis,  while  the  dashed  line 

in  Figure  11  is  the  projection  of  a  plane  pai^llel  to  the  {k./k  )  axis. 

Mxn  Hjftx  c 
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for  the  2-foot  loodel  depth.  The  ciirves  are  previoiis  free-vater  results  rei>orted 
hy  Goertner  (1956),  and  the  circles  are  the  individual  measurenents  froia  the  con¬ 
trols  fired  on  this  test  prograa.  The  control  shot  data  from  these  tvo  test  pro¬ 
grams  are  in  agreement  at  the  1-foot  model  depth  hut  differ  hy  about  105&  at  the 
2- foot  model  depth*. 

The  figures  show  that  the  first  period  migration  for  these  strongly  migrating 
bottom  shots  is  greater  tham  that  of  corresi>onding  shots  at  the  same  test  conditions 
with  no  bottom.  This  increase  is  about  20^  for  the  bubble  center  smd  about  10  to 
15^  for  the  point  of  impact  at  the  top  of  the  bubble. 

There  are  too  few  data  to  draw  an^  but  tentative  conclusions  for  strongly 
migrating  bottom  shots.  Goertner  (1956)  found  for  free-water  explosions  in  the 
Vacuum  Tank  that  the  migration  of  the  top  was  dependent  on  aiil  three  characteristic 
numbers— (^  /A^^)^,  (A^^/a^^^)^,  8md  (A ^^d)^ — 141116  the  migration  of  the  center 
could  be  described  in  terms  of  (^ Bax^*^^c  limited  data 

shown  in  Figures  13  and  ll  indicate  that  this  may  also  be  tr’ie  for  strongly  migrating 
bottom  shots. 

Measurements  of  the  bubble  diameter  at  the  time  of  Jet  impact  showed  the  re¬ 
duced  diameter  \in/(A^)g  to  be  a  function  of  both 

No  dependence  on  (A^^/d)^  was  noted,  but  this  may  be  due  to  the  paucity  of  data. 

The  data  are  rou^ly  grouped  about  two  distinct  values  of  (A^^^/a^^)^.  "Hiese  data 
are  plotted  in  Figure  15. 


3.  C(»iPARIS0N  WITH  FROTOTYPE  lATA 

3.1  Equations  for  Comparing  Model  and  Prototype  Data 

Since  the  results  have  been  presented  in  terms  of  characteristic  nvanbers  for 

corresponding  free-water  explosions  (controls)  in  the  tanks,  it  is  necessary  to 

calculate  the  characteristic  numbers  (gT^/A__  )  ,  (A^.^/A  )  ,  and  \ 

max  c  min  maoc  c  max  c 

field  prototypes  in  order  tjo  apply  these  results  to  particular  full-scale  explosion 
geometries.  To  do  this,  we  use  the  empirical  relations  for  the  first  period  bubble 
para..cters  A^,  I,  and  A^/a^: 


*  The  reason  for  this  discrepancy  is  not  known.  Possibly,  there  is  significant 
interaction  between  the  explosion  and  the  front  and  back  viewing  windows  at  model 
depths  of  about  two  feet  or  greater.  For  the  earlier  tests,  a  lucite  rather  than 
plate  glass  rear  window  was  used. 
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A 


aax 


(4) 


yl/3  / 


(5) 


A 


ain 


nax 


K  Z 


1/3 


(6) 


idiere: 


y  =  diai^Se  veij^t,  lb 
a  =  depth  of  explosion,  ft 

Z  *  a  33  =  hydrostatic  pressure  at  depth  of  explosion,  ft  of  sea  water 
3^  =  taariiauin  radius  coefficient  In  infinite  water 
=  period  coefficient  in  infinite  water 
N  =  rolnimum  radivis  coefficient. 


For  olnpllflcation,  we  have  assuKd  that  t>e  prototype  explosion  is  a  hi{^ 
explosive  (HE)  charge  in  aea  water  at  one  standard  atwosphere  air  press’jre.  For 
other  prototype  explosions— e.g. ,  nuclear  e^qjlosions  or  explosions  in  fresh  water— 
consult  Snay  (1964),  Chapter  VIII*’ «  Sea  water  values  for  and  K  for  several 

■typical  pi'ototype  explosives  are  listed  below  in  Table  4. 


TABLE  4 

''::T  PRCTOTTPE  BOSBLS  EftB/d<H?ERS** 
(Sea  Water) 


V 

m 

A 

• 

If 

T® 

12.6 

4.36 

0.023 

Peutolite 

12.6 

4.36 

0.022 

HBX-1 

14.4 

4.97 

0.a25 

HBX-3 

15.6 

5.41 

0.029 

*  Equation  8.l4,  Snay  (l90^)  con-tains  a  ai sprint.  It  should  read 

**  T®  values  for  K*  and  J»  are  froo  Figure  B-4,  Hol3Aad,  Caudle,  and  Goertner, 
1967.  and  J„  values  fcr  other  explosives  were  cedcuiated  froa  values  for 

listed  in  Figure  B-2  of  the  sane  report.  (The  value  for  KBX-3  calculated  using 

this  taothod  is  probably  about  4^  hl^h  due  to  the  high  aluciinim  content  of  this 
explosive.)  Vedues  for  N  were  taken  fron  Table  VI,  Sney,  et  al,  1952. 
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I 


I 


5.' 

N 


N 
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To  lUus^vrate  the  ixtllizSition  and  some  of  the  llmltati<ai&  of  these  model,  re- 
sitlts,  a  numerical  example  vlU  be  given. 

100-Ib  TRP  Charge  at  30- ft  Depth.  Using  eqtiatioiis  If,  5?  and  6  and  the  coef¬ 
ficients  listed  in  Teble  k,  the  foUoving  values  are  calctilated: 


(A  ) 
max  c 


ih.J  ft 


T  =  0.6c^  sec 
c 


(H-”- 


092 


max  c 


From  these  values,  the  characteristic  numbers  for  the  prototype  control  shot  are 
then  calculated: 


(* 


M 


fiSl- 

A_../ 


0.81 


m3x> 


\  max'^ 


09 


(V) 


0.49 


For  describing  bubble  phenomena  from  prototyp*  explosions,  the  reduced  depth 
(z/Anax)c  approximately  proportional  to  the  Proude  Ifumber.  ^Hie  dioracteristic 
riu:^er''(^2/Ajjj^)g  for  the  prototype  is  related  to  (z/Awwy)r 


by 


A 


max 


& 


(derived  from  E<i\iatlons  4  and  5). 
Sion  is  treated  as  a  constant. 


f'  (,  ^  ^'^aax  \~/  Z 

■f  ^  lU. 

\  /  j 


;taax/ 


-1 


In  Tsany  prototype  studies  tfce  bracketed  expres- 
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Using  these  values  in  Figure  6,  it  is  predicted  that  the  bilbble  would  migrate 
upward  from  a  non-cratering  bottca.  From  Equations  (2),  its  hel^t  and  dlamerter  at 
maximum  volume  can  be  calc\ilated.  Using  Figure  11,  it  is  uncertain  •s&cther  or  not 
Jet  impact  would  be  observed-  If  isqaaert  does  occur,  the  upward  displacement  of  the 
bubble  at  time  of  impact  will  be  10  to  20j^  greater  than  for  an  explosion  in  free 
water. 

3.2  Compeorioon  with  FAxybotype  Data  for  Cratering  Bottoms 

As  mentioned  previously,  three  experimt.ital  studies  have  been  done  of  bubble 
behavior  from  bottom  explosions  of  hi^^  explosive  (HE)  charges;  naiMly,  those  of 
Snay  (1953);  Murray,  Santamaria,  and  Clifford  (1961);  and  Young  (l9©).  For  each 
of  these  studies,  the  primry  source  of  data  was  fuH-sc^e  HE  explosions  on  various 
cratering  bottoms. 

An  approximate  synthesis  of  much  of  the  exi8tii::g  HE  explosion  bubble  data  was 
reported  by  Murray,  et  al,  in  I96I.  For  bottom  explosions,  they  estimated  that 
over  the  reduced  depth  range* 
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3.5  s  (Z/Ag^)  <  7.0  (7) 

c 

the  bubble  epiits  "into  tvo  poxiis,  both  of  Uhlch  way  M^prata  vq^mxd»*"  kt  shsl- 
lover  depths,  the  sdgration  la  rouf^ily  slsilsp  to  ti^t  iu  free  mt-er  azid,  at 
greater  depths,  the  bubble  sticks  to  the  bottoo. 

Young  (19®)  presented  aa  analysis  of  the  upward  traaspoort  of  explosion  pro- 
dxxets  and  surrounding  water  by  tmderweter  explosions.  He  described  and  classified 
the  sctrface  erxqTtlons  as  a  function  of  the  charge  wei^t  and  the  depth  of  explosion 
for  both  deep-water  and  botton  explosions  (Young,  19^,  Figures  2.7  end  2.9).  His 
data  for  bottom  explosions  showed  that  •^ea  the  reduced  depth  (z/A^^)^  reaches 
approximately  7*^,  the  I’adial  pltaaes  characteristic  of  deep  explosions  no  longer 
occur,  and  only  a  water  mound  ajqpears.  At  (z/A  )  s  12.5,  the  mound  ceases  to 
oeexxr  for  the  bottom  explosions  and  only  an  upwelling  occurs^.  From  the  evidence 
presented  by  Snay,  by  liurray  et  al,  and  also  in  this  report,  it  is  plausible  to 
assuBM  that  these  transitions  reported  ^  Young  correspond  to  the  transitions  in 
bottom-shot  bubble  behavior  termed  splitting  and  stieSdjag— even  though,  this  range 
of  rediiced  depths  differs  from  that  given  by  Murray  et  al  (1961). 

The  strongest  evidence  of  bubble  splitting  in  these  field  programs  was  the 
observation  of  e  veil-developed  set  of  plumes,  followed  a  few  seconds  later  by  an 
xzpwelling  of  a  large  volume  of  small  bxibbles,  on  two  l^OO-iKJund  HBX-1  bottom  shots 
in  85  and  110  feet  of  water  (Murrsy,  et  ai,  I961).  Also,  an  1110-pound  HB3C-1  shot 
at  a  depth  of  140  feet  showed  evidence  of  a  second  bubble  emerge.  about  7.5 
seconds  after  the  shot  (Young,  19®).  The  latter  was  an  actual  upheaval  of  the 
surface,  while  the  ihenomenon  reported  by  Murray  et  al,  cculd  conceivably  contain 
bzibbles  of  natxiral  gases  released  from  the  bottom. 

Figure  16  shows  individual  data  points  from  prototype  bottoo  shots  -t&idi 
provide  evidence  of  the  influence  of  the  bottom  on  bubble  ^lenccsena.  It  is  not 
possible  to  draw  positive  conclusions  from  this  figure.  However,  there  is  some 
qualitative  consistency;  e.g.,  the  points  indicated  by  the  symbols  "3"  and  seem 
to  be  reliable  evidence  of  splitting  and  sticking,  respectively.  Additional  field 
data,  with  more  coe^lete  docuBwatatlon  of  bubble  b^vior,  is  needed  before  the 
similarities  and  differences  between  prototype  data  on  cratering  bottems  and  tank 
data  on  a  rigid  bottom  can  be  fully  evalzxated. 

*  The  conversion  to  the  parameter  (z/A  )  from  the  dimensionless  parameter 

(A,^/d)c  eaplcyed  by  Young  to  describi  the  surface  eruption  was  calculated  for  a 
2CX>-lb  TIPT  charge  weight,  ^ch  is  about  mid-range  for  the  bottom  shot  data  reported 
by  Young. 
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Figrire  17  compsires  vith  the  model  test  restilts  the  estimated  ranges  for  the 
occiirence  of  bubble  splitting  as  predicted  by  Murray  et  al  (I961)  end  Young  (1968). 

The  prototype  behavior  is  indicated  by  two  adjacent  arbitrary-width  bands  whose 
centerline  is  the  curve  for  a  1200-lb  HBX-1  charge  at  veiriable  depth  in  the  sea*. 

Taken  together^  these  estimates  for  prototype  bubbles  predict  bubble  splitting  at 
values  of  the  inverse  Proude  number  eq\J5.1  to  or  greater  than  that  observed  in  the 
model  tests.  Since  the  model  bubbles  oscillated  more  strongly  (smaller 
this  suggests  that,  other  things  being  equal,  there  la  more  tendency  for  the  bubble  j 
to  stick  to  a  cratering  than  to  a  non-cratering  bottom. 

3*3  Observations  of  Eijfaanced  Migration  and  Jetting 

Young  (19®>  !«€«  2lv)  reported  an  unexpected  resuJ.t  from  field  tests  with 
10,000-pound  HBX-1  charges.  Tiiese  charges,  •vdien  fired  at  a  depth  of  125  feet  in 
water  I50  feet  deep  (three  shots),  produced  plumes  two  to  three  times  as  hi^  as 
similar  charges  at  the  same  depth  in  deep  water.  For  these  explosions 


This  condition  falls  in  the  region  of  expected  migration  as  shown  in  Figure  I6  and 
almost  certainly  results  in  a  strongly  migrating  bubble.  Thus,  Yemng's  result 
would  appear  related  to  the  <»nhanced  bubble  m.lgration  for  strongly  migrating  bubbles 
observed  in  the  present  model  experiments  (Figures  13  and  14). 

Sherman  (1965)  provided  another  observation  of  enhanced  migration  in  the 
presence  of  a  bottom.  He  fired  0.2-gram  lead  azide  charges  in  the  HOL  Hi^-Gravity 
Tank  in  contact  with  an  aluminum  plate  and  coa^jared  the  trajectories  of  the  upper 
surface  with  those  of  control  shots.  For  the  shallower  shots,  those  with  (fJP  /A^^)^ 

^  0.7,  the  upward  displacement  of  the  bubble  top  at  time  of  jet  impact  averaged 
some  20^  greater  for  the  bottom  shots  than  for  the  controls.  His  plots  also  showed 
that  the  initial  velocity  of  the  upper  surface  after  imi»ct  was  greater  for  these 
bottom  shots  than  for  the  control  shots.  Due  to  the  problems  pointed  out  in  | 

Appendix  C  of  this  report,  these  Hi^-Gravity  Tank  restilts  are  tentative  at  best.  | 

1 

Nevertheless,  they,  too,  point  to  the  existence  of  enhanced  gravity  migration  effects  i 
in  the  presence  of  a  bottom  \mder  certain — as  yet  to  be  defined — conditions.  ! 


*  The  centerline  was  calculated  using  equations  4,  6,  and  the  footnote  on  page  9* 
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4.  SUMM^Y  Q?  RESUIiTS 

(a)  The  following  succession  of  hubhle  behaviors  was  observed  as  the  imrerse 
Froude  nuniber  (^^/A  )  increased: 

— d?ae  bubble  remained  intact  and  pulsated  on  the  bottom. 

— The  bubble  split  into  two  or  taore  parts  and  the  lower  portion  remained 
on  or  near  the  bottom. 

— The  bubble  rose  directly  to  the  surface.  Jet  iaqpact  occurred  as  the 
bubble  expanded  after  the  first  minimum. 

—The  bubble  rose  directly  to  the  surface.  Jet  Impact  occurred  at  the 
instant  of  minimum  bubble  volume. 

Ihe  tendency  to  stick  deijended  on  the  amplitiuie  of  oscillation  *8 

well  as  the  inverse  Froude  number  (gS^/A  )  .  The  subsequent  uijward  motion  of 

lUGOC  O 

the  migrating  bubbles— in  particular,  the  formation  and  impact  of  the  bubble  jet — 
depended  also  on  the  surface  geometry  (A^^/d)^ . 

(b)  The  first  bubble  minimum  of  the  strongly  migrating  bottom  explosions 
occurred  some  10  to  20^  higher  from  the  point  of  ejgjloslon  tham  for  corresponding 
free-vater  explosions.  Anonomously  high  plutae  heights  reported  by  Yoiug  (1968)  for 
10. 000-pound  near  “bottom  explosions  indicate  that  such  enhanced  gravity  migration 
taay  also  occxir  on  full-scale  explosions. 

(c)  Present  estimates  from  field  tests  for  prototype  bubble  behavior  on  crater 

ing  bottoms  give  bubble  sticking  at  about  the  same  or  greater  values  of  the  inverse 
Froude  number  than  observed  with  more  strongly  oscillating  model  bubbles 

on  a  non-cratering  bottom.  This  suggests  that  there  is  more  tendency  to  stick  to  a 
cratering  bottom  than  to  a  non- cratering  bottom. 

5.  CONCLUSIOKS  AND  RECCWMENmTIOBS 

It  is  not  clear  at  the  present  time  \iiat  the  effect  of  a  bottom  would  be  on 
a  deep  nuclear  explosion.  It  should  be  emphasized  that  the  data  presented  here 
are  for  gas  bubbles  produced  by  conventional  explosives,  and  the  applicability  of 
the  results  to  nuclear  explosions  is  doubtful.  However,  the  data  can  be  extremely 
use'^^l  in  planning  field  test  with  steam-generating  explosives,  such  as  Llthanol 
(Young,  1968),  or  model  tests  with  sparks  or  exploding  wires.  Such  tests  can  be 
expected  to  provide  information  for  nuclear  predictions. 

It  would  appear  crucial  to  determine  the  role  of  crate. ing  in  retarding  bubble 
migration.  Tlierefore,  a  similar  Vacuum  Tank  studj'  of  bubble  behavior  on  a  crater¬ 
ing  bottom  should  be  cairied  orrt. 
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In  addition,  work  should  be  directed  toward  siadlar  tests  on  cratering  aiid 
non-cratering  bottoms  in  the  Hi^-Gravity  Tank  so  that  the  dependence  ou  oscillation 
amplitude,  stxxdied  at  hydrostatic  pressures  coa^rable  to  those 

on  field  tests.  Only  in  the  Hl^  Gravity  Tank  can  such  small  scale  underwater 
tests  be  carried  out  without  encountering  the  iincerbainties  introduced  by  boiling 
(discussed  in  Appendix  B). 

Enhancement  of  bubble  migration  (and  jetting)  due  to  bottom  proximity  has 
important  implications  in  regard  to  ship  damage.  TSiis  study  indicates  that  such 
enhancement  does  occur,  both  in  model  emd  full-scale  tests.  Evidence  of  significant 
retardation  due  to  bottom  proximity  has  also  been  reported  (Paragraph  7*12>  Snay, 
1953).  'Bdis  problem,  apart  from  -vhether  outright  sticking  or  splitting  occurs, 
requires  further  study  by  both  model  and  full-scale  experiments. 
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FIG,  5  STRONGLY  MIGRATING  BUBBLE 
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BUBBLE  SPLITS  WITH  PART  STICKING  TO  BOHOM 
ENTIRE  BUBBLE  MIGRATES  UPWARD 

FLAG  ON  SYMBOL  INDICATES  1952  PROGRAM  DATA 


FIG .  6  BEHAVIOR  OF  BUBBLES  ON  NON-CRATERING  BOHOM  AS  A  FUNCTION 
OF  (gTVA^ax)^  AND  (A^jn/A^aJ^ 
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FIG ,  8  REDUCED  DIAMETER  Dmax/(^mox^c  MAXIMUM  —  NON-CRATER\NG  BOTTOM 


FIG.  9  REDUCED  HEIGHT  H„„^/{A„.  )  AT  FIRST  MAXIMUM  —  NON-CRATERING  BOTTOM 


FIG .  10  HEIGHT-TO-DIAMETFR  RATIO  AT  FIRST  MAXIMUM  —  NON-CRATERING  BOHOM 

max/  max 
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FIG.  11  OBSERVATIONS  OF  JET  IMPACT  "^OR  MIGRATING 
BUBBLES  AS  A  FUNCTION  OF  feTZ/A^x) 

(^max  "  non-cratering  BOHOM  ' 
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AVERAGE  (A^^/j)c  =  0-59 
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FIG .  13  COMPARISON  OF  REDUCED  FIRST  PERIOD  BUBBLE  MIGRATION  WITH 
AND  WITHOUT  BOTTOM —STRONGLY  MIGRATING  CASE,  d  =  1  FT 
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FIG.  14  COMPARISON  OF  REDUCED  FIRST  PERIOD  BUBBLE  MIGRATION  WIH 
AND  WITHOUT  BOTTOM  ~  STRONGLY  MIGRATING  CASE,  d  =  2  FI 


NOITR  68-207 


BOTTOM  SHOTS.  71 .5  “F,  d  2  FT,  PI^ESENT  STUDY  (1967) 
g  BOTTOM  SHOTS,  80.5  ’F,  d  =  1  FT,  1932  DATA 
9  BOnOM  SHOTS,  84,8 »F,  d  =  2  FT,  PRESENT  STUDY  (1967) 

FIG.  15  REDUCED  MINIMUM  DIAMETER,  D  .  /(A  1  AS  A  FUNCTION  OF  (otVa  )  AND 

tninf  max’c  ^  /  max  c 

(Amin/Amsx^c  ”  STRONGLY  MIGRATING  CASE,  NON-CRATERING  BOHOM 
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BUBBLE  MIGRATES 
BUBBLE  SPLITS 
BUBBLE  STICKS 


FIG .  17  COMPARISON  OF  NON-CRATERING  MODEL  BEHAVIOR 
WITH  ESTIMATES  FROM  FIELD  TESTS 
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APISKKEX  A 

CALCUIAJKOH  OF  MOBEL  EftPiOffiTEKS 

The  diaracterlBtic  mstbers  (^/A^)g> 

model  explosion  vere  calculated  using  A^y,  T,  ana  ror  the  corresponding  control 
shot  (Act  at  Identical  test  conditit^s  in  the  Vacmrarank  except  for  the  absence 
of  the  false  bottom).  These  paraoeters,  T,  and  ^jjj/Anax  control), 

vere  calculated  using  the  data  and  theory  developed  on  previous  test  programs  (Snay 
et  si,  1952  and  Goertner,  1956)*  Additional  data  from  the  present  test  program  are 
listed  in  Tables  A-1  and  A-2.  For  this  study,  the  eacperiroental  data  for  explosions 
in  the  Vacuum  Tank  (presented  in  previous  rep^s  as  a  collection  of  graiflis}  uas  re¬ 
cast  as  a  set  of  empirical  equatijns  idiich  enable  computer  computation  of  the  model 
explosion  parameters  using  test  conditions  as  input. 

The  following  paragraphs  describe  the  empirical  functions  and  theory  for  calcu¬ 
lating  A^y,  T,  and  control.  Further  details  can  be  obtained  ffom 

the  reports  by  Snay  et  al  (i952)  and  Goertner  (1956).  In  Appendix  B,  the  mojOT 
uncertainties  in  the  puresent  experimental  data  and  -^eory  will  be  discussed. 

In  the  model  explosion,  two  phenomena  occ\ir  which  do  not  occur  in  a  prototype 
explosion.  The  first  is  a  kinematic  and  dynamic  interaction  of  the  test  tank  with 
the  explosion  bubble.  In  the  following  discussion,  the  effects  of  tank  interaction 
on  the  maximum  bubble  radius  and  bubble  period  are  taken  into  account,  but  only 
approximately,  by  the  empirical  functions  Ratio  J°  and  Tatlo  K®  (defined  later- 
read  as  "ratio  J  sero",  etc.).  The  other  phenomenon  is  evaporation  or  "boiling"  of 
water  into  the  bubble  cavity  idien,  near  the  bubble  maximum,  the  pressiire  of  the 
explosion  gases  falls  below  the  vapor  press'ure  of  the  surrounding  water.  This 
^enomenon  is  known  as  "boiling",  and  the  empirical  functions  Ratio  J*  and  Ratio  R» 
(read  as  "ratio  J  e-tar",  etc.)  are  used  to  describe  its  effect  on  the  maximum  radius 
and  bubble  period,  respectively. 

B^UATIOKS  FOR  . 

,  max 


The  Htaxltauia  radius  coefficient  for  the  model  explosion 


J  »  A 


max 


(Al) 


idiere  Z  =  ^  ^air 

=  hydrosta-^lc  press’jre  at  depth  of  explosion  (ft  of  fresh  water) 

was  determined  experimentally  as  a  function  of  test  conditions  in  the  vacuum  tank. 
The  radius  coefficient  was  then  represented  as  the  pjroduct  of  three  factors 


A-1 


mmt 


J  »  X  (a»tio  J®)  X  (Eatio  J»)  (A2) 


The8«  functions  are  defined  below. 

j*  is  the  radius  coefficient  vbidi  vould  be  aweaured  in  firee  uater  (no  tank, 
no  boiXicts)  and  at  the  same  hTdroetatic  j^ressure.  Xn  this  ma  talotn  to 

be  a  constant  characteristic  of  the  nodel  explosive  charge.  (For  the  196?  ttata, 

®  9.'^;  for  the  tests  carried  out  in  1951  thrown  1953#  *  9»21. ) 

Ratio  is  the  measure  of  the  change^  if  any,  in  due  to  the  presence  of 
the  test  tank,  i.e., 


Ratio  ^  ^  noo»boiling  bubble 


(A3) 


at  the  same  geometry  vith  respect  to  the  water  surface.  In  this  study,  it  is 
assxnaed  that 


Ratio  J°  »  1.0 


(Ah) 


for  the  0.2-grani  model  explosions. 

Ratio  J*  is  the  measure  of  the  change  in  due  to  evaporation  or  ’’boiling" 
of  water  into  the  bubble,  i.e.. 


P  .  .  J  In  tank  f<xr  boiling  bubble 

°  J  in  tank  for  non-boiling  bubble 

-  J  io  tank  for  boiling  bubble 
X  Ratio  J° 

Oh 


J  in  tank  for  boiling  bubble 

J. 


(A5) 

(a6) 

(A7) 


since  Ratio  J*^  was  assvoaed  to  be  unity.  Measurements  of  Patio  J*  are  shown  in 
Fig-ore  A-1.  For  this  study,  these  measurements  were  represented  by  the  equation 


Ratio  J*  =  1  +  0.6J^ 


1.45 


1 


(A8) 


(A9) 


^ixere 


EftU/lTIOgB  FOR  T. 

The  period  coefficient,  K: 


K  «  T 


JTJ 


was  also  determined  experimentally  as  a  function  of  the  test  conditloi*s.  The 
period  coefficient  was  represented  as  the  product  of  four  factors 


K  » 


(. 


X  (Ratio 


K°)  X  (Ratio  K») 


(AlO) 


Biese  functions  are  defined  as  follows; 


«*  is  the  period  coefficient  whldi  would  be  measured  in  free  water  remote  from 
the  surface  and  bottom  and  at  the  same  Hydrostatic  pressure  as  the  model  explosion. 
In  this  study,  k;.  was  taken  as  a  constant.  (For  the  I967  tests,  «  3*2ij  for  the 
tests  carried  out  in  1951  throu^^i  1953,  •  3.20.) 


made  for  the  bottom. 
1956)  the  value,  a  = 


the  correction  factor  tor  the  water  surface.  No  correction  was 
As  in  the  earlier  model  studies  (Snay  et  al,  1952  and  CJoertner, 
0.21i^,  was  Tised  for  •^Jie  surface  correction  coefficient*. 


Ratio  is  the 
tank,  i.e.. 


measure  of  the  change  in  T  due  to  the  presence  of  the  test 


Ratio  K°  5  K  in  tar£t  for  pon-boillng  bubble 

*  K  in  free  water  at  same  A  7d 

max 


K 


in  tank  for  non-boilinR  bubble 


(All) 


(A12) 


3 


*  This  differs  from  the  value  a  =  0.1  previously  used  for  the  prototype  explosion 
in  Equation  5.  In  practice,  values  of  «  generally  range  from  about  0.1  to  about  O.I,  i 
apparently  depending  on  the  strength  cf  the  gravity  migration.  In  the  present 
modeling  computations,  this  discrepancy  is  partial?^  absorbed  in  the  empirics. lly 
determined  "boiling"  function.  Ratio  K*.  Ideally,  the  effect-  of  gravity  migr&tlon 
on  K  and  J  should  be  taken  into  account  explicitly  for  both  model  and  prototype 
calculations.  However,  as  yet  vs  are  not  able  to  do  this. 


It  VR8  assuaed  ttiat  Ratio  hP  m»  eol«ly  a  fta^loa  tha  fr^aurfaM  ai^  tfui^iw^ 
geo«etx7  for  C.g-gru  exploalooa  riffieiectljr  far  fron  tile  Wttoa  ^  a 
tanka«  For  tM«  studar^  ttio  exlating  data  reported  Sxviar  et^al  Me 

2k),  ma  represented  the  efitatlcm 


Ratio  ^ 


.Jo-aaV* 


+  0 


(A13) 


^ere  R  is  the  radius  of  the  cylindrical  tanJc**. 

Ratio  K»  is  the  measure  of  the  change  in  1'  due  to  boiling,  i.e.; 


Ratio  K* 


K  in  tank  for  boiling  bubble 
X  in  tank  for  non-boiling  bubble 

_  K  in  tank  for  boiling  bubble 

K«  (1  -  a  kjA)  Ratio  K® 
inax 


(Alli) 

IA15) 


^ere  both  bubbles  b'xve  the  saoe  geometry  vith  respect  to  the  water  (turface  and 
also  with  respect  to  the  test  tank.  Measureaents  of  Ratio  K*  are  shown  in  Figure 
A-2.  The«»s  measurements  were  represented  by  the  equation 


Ratio  K*  =  1  +  1.02  j^l  - 

EQUATIONS  FOR  A  ,  /A 
_ _ iJ.n'  max 

For  the  non-boi?Ling  bubble,  represented  by 

Where  the  subscript  "o"  indicates  the  non-boiling  case.  The  coefficient  N  *  0.026 
for  lead  azide. 

For  model  explosions  in  the  vacuum  tank,  is  considerably  greater  than 

indicated  by  eqviation  (AIT)  because  of  the  boiling  phenomenonc  On  the  assumption 
that  this  evaporation  takes  place  only  at  the  lowest  pressures,  which  occur  relatively 
close  to  the  bubble  maximum,  Snay  et  al  (1952)  developed  an  approximate  theory  for 
the  increase  in  boiling. 

*  Nevertheless,  the  distance  of  the  charge  from  the  bottofa  of  the  test  tank  was 
held  approximately  constant  (=  50  inches),  Just  in  case. 

**  Ihe  simpler  equation.  Ratio  iP  =  1  +  0.44  (d/R)  (A^y/R),  also  gives  an  adequate 
representation  of  this  dPta. 
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The  starting  point  for  this  calculation  is  the  internal  pressure  at  the  tiue 
of  the  bubble  waxlwan  Jov  a  non-boiling  bubble,  >4iich  accerdiog  to  incom¬ 
pressible  bubble  theory  (Snay  and  Christian,  1952)  »  given  by: 


(H 


(AlB) 


vhere  y  *  1«3«  the  aditbatic  exponent,  for  the  lead  aside  e:Q>losion  products  (Snay 
et  al,  1952). 

Sext,  the  presstire  is  calculated,  uhich  vould  occur  at  the  tine  of  the 
bubble  vaxlmagi  if  the  bubDle  motion  ajCter  boiling  has  ceased  could  then  be  reversed 
(xom  backwards  in  tine).  This  pressiire  is  given  by 


tp — r 

'  nax  o 


[Ratio 
lEatio  J* 


21  [(Ratio  K*y 
12  [(Ratio  K*)^ 


-1]/ 


(AI9) 


with  again,  y  *  1‘3*  (y  *  1*3  ^or  water  vapor,  also.) 

Finally,  to  obtain  Eqttotion  (AlB)  is  used  again,  this  time  for  the 

post-boiling  bubble.  SpeHficScljr,  the  equation 


1  -  (A  ,  /A 

'  '  min'  max 


(A20) 


was  solved  either  graphically  or  by  iteration  for  A  .  /A 

miu  max 


AS  A  FUNCTION  OF  P^a_/Z  FOR  0.2-gin  LEAD  AZIDE  CHARGES 
VACUUM  TANK  ^ 


NOLTR  68-207 


Stemdard  deviation  estisnate 
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AP5S3DDC  E 

AMI2SIS  OP  OTcsmrmES  is  the  mobbl  tkts 


In  Section  3.I,  the  equations  for  calcuXsting  ■tine  diaractea Istic  laaBihers  fear 
the  i<rotatype  explosion  vare  presented.  In  Apj?endlx.A,  "UiIb  vbs  presented  for  the 
taodel  explosion.  Using  both  sets  of  equations,  it  is  possible  to  calcul&te  the 
Bodel  test  conditions  liilch  corr^spoad  to  a  given  protot^fpe,  or  Ties  versa*. 

In  this  appendix,  estimates  are  given  for  the  range  of  uncertainty  ia  eatdx 
model  test  parameter  and  how  these  uncertainties  affect  each  of  the  three  d&srac> 
terlstic  nunijers  for  the  model  test.  Similar  treatment  is  then  given  for  a  typical 
HE  field  test.  Finally,  a  discussion  of  the  major  sources  of  T.'ncertainty  in  the 
model  experiment  and  what  can  be  done  to  improve  the  model  e:gperiment  is  disco^sed. 

UHCEREAIHrY  ESTIMATES  FOR  MODEL  AHD  PROTOIYEE  TSS^. 

Calculated  model  test  conditions  tdiidi  correspond  to  a  100-pound  THT  protortype 
at  30-foot  depth  are  listed  at  the  top  of  Table  B-1.  Next,  estimates  are  listed 
for  the  range  of  uncertainty  in  escdi  of  the  various  inx;iut8--experiment  parameters, 
explosive  parameters,  enplrical  functions  and  boiling  theory— needed  to  calctixate 
the  characteristic  numbers  for  the  model  test.  Using  these  estimates  for  the  iq>per 
and  lower  limit  of  each  input  to  the  calculation,  com^xtatlons  were  mde  of  the 
resultant  change  in  each  of  the  three  characteristic  numbers.  These  resultant 
uncertainties  (partial  differentials)  are  listed  in  the  adjacent  columns.  Beneath 
each  column,  the  square  root  of  the  sum  of  the  squares  of  the  partial  differentials 
give  a  measure  of  the  total  experimental  error  (range)  for  each  characteristic 
number. 

Results  of  a  similar  analysis  based  on  assumed  imcei'tainties  in  the  test  and 
explosive  pararae+  1  in  a  typical  prototype  test  are  listed  below  those  for  the 
model  experiment. 

Compai'ison  of  these  error  analyses  for  correspondirig  model  and  prototype  tests 
shows  that  estimated  uncertainties  in  the  model  resulte  are  significantly  greater 
than  those  of  the  assumed  prototype  test.  (This  is  even  without  examining  the  basic 
assumptions  used  to  derive  the  modeling  equations. )  It  will  also  be  noted  that  this 
greater  uacerta  r.ty  estimate  for  the  model  results  is  caused  by  uncertainties  as  to 


*  Calculating  the  prototype  test  conditi^jns  which  correspond  to  a  given  model  j 

experiment,  however,  is  generally  not  very  fruitful,  because  in  practice,  the 
prototype  air  pressure  is  generally  restricted  to  one  atmosphere;  and  only  the  size  | 
and  depth  of  the  explosion  are  at  the  experimenter's  disposal.  Model  test  conditions! 
selected  at  random  will  generally  result  in  prototype  air  pressures  other  than  one  | 
atmosphere.  Tlius,  only  a  sme‘'l  subset  of  realizable  model  conditions  are  in  direct  I 
correspondence  wj^’i  realizable  prototype  conditions.  ' 
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the  accuxticy  of  the  boiling  theory  and  the  e:^>6ri<sental3y  deterained  functions  for 
boilljag  and  tank  interaction— Ratio  %*,  Ratio  J*,  Ratio  kP,  and  Ratio 

mSCUBSlOS  OF  UHCERgftllgl^  IN  TSB  WlMm  AHS  nSK  TSSmiGSlOS  COHREGTIOSS. 

Eolliag.  The  boiling  theory  (Sney  et  al,  1952)  vas  developed  to  give  a  roug^ 
estiiaatc  of  the  increase  in  the  e:?plosion  paramefter  A^ainAcauc  boiling. 

There  are  no  experimental  data  amilable  for  evaluating  its  accuracy;  hovever^  it 
is  probably  accurate  to  about  t  30  to  UO^.  As  shovm  in  Table  B-1,  this  introduces 
ajor  uncertainty  Into  the  results  from  the  vacuum  tank  testa.  This  uncerteiin,y 
UBS  one  of  the  Tnojor  roasons  for  constructing  the  HOL  Hl^  Gravity  Tank.  However, 
as  pointed  out  in  Appendix  C,  the  Hig^i  Gravity  Tank  also  has  its  problems. 

At  present,  it  appears  to  be  tecdanically  feasible  to  make  direct  measurements 
of  A^jj^  on  the  model  scale  by  means  of  hi^-speed  photographs  at  framing  rates  the 
order  of  500,000  pictures  per  second.  Preliminary  eff carts  in  this  direction  have 
oeen  made  using  the  NOL  Vacuum  Tank.  However,  in  those  tests  it  was  not  possible  to 
accomplish  meaningful  measurements  of  because  the  bubble  motion  was  distorted 
due  to  a  dynamic  Interaction  between  the  explosion  and  the  test  tank  (discussed  in 
next  paragraih).  'When  such  teuik  interactions  are  better  understood  so  that  they 
can  be  controlled  or  taken  into  account,  then  photographic  nteasurements  of  A-^y,  and 
its  increase  in  the  presence  of  boiling  should  provide  a  means  toward  improving  the 
boiling  correction. 

Test  Tank  Interactions.  Measurements  of  the  explosion- induced  motion  of  the 
front  viewing  window  of  the  NOL  Vacuum  Tank  were  made  by  Sherman  (1968).  Comparison 
of  those  measurements  with  photographs  of  the  bubble  oscillation  showed  that  the 
distorted  bubble  oscillation  observed  with  non-migrating  bubbles  in  the  v~,cuxua  tank 
was  due  to  flexing  of  the  viewing  windows.  To  date,  this  is  the  only  direct  obser¬ 
vation  of  tank-bubble  interactlcjn  in  the  vacuum  tank.  However,  It  appears  that 
this  is  a  general  irroblem  invalidating  a  basic  assumption  made  in  regard  to  the 
functions  used  to  represent  Ratio  and  Ratio  ¥P,  namely,  that  the  test  tank  was 
rigid  with  respect  to  the  bxiible  flow.  Since  Ratio  and  Ratio  ¥P  are  used  to 
calculate  Ratio  J»  and  Ratio  K-^  (see  Eqimtions  (a6)  axsJ  (AI5)),  these  too  were 
affected.  It  seems  probable  that  much  of  the  scatter  ejliibited  by  the  measured 
Ratio  J*  and  Ratio  K*  data  shown  in  Figures  A-1  and  A-2  was  due  to  such  unaccounted- 
for  interactions  with  the  test  tank. 

It  is  planned  to  test  this  hypothesis  by  installing  stronger,  ipore  Tiassive 
windows  of  smaller  area  -jftiich  6tre  designed  to  reduce  the  window  taot*on  ^volume 
displacement)  by  about  tJo  orders  of  usagnJ.tude. 

As  a  guide  to  the  degree  to  which  our  knowledge  of  boiling  and  tank  interaction 
effects  should  be  improved,  we  have  listed  at  the  bottom  of  liable  B-1  new  \mcertainty 
rai^r<5  for  the  boiling  correction  to  ^^tio  K*,  Ratio  C*,  Ratio  K°,  and 

Ratio  J°  which  would  make  ■'•he  total  •■ncertainty  in  each  of  the  characteristic  numbers 
for  -the  model  experiment  co5BX>«Mcuble  to  -those  for  a  prototype  tejrt.  Total  uncertainty 
raxjgsn  for  the  model  characteristic  mimbers  using  -these  new  inputs  ore  listed  at 
■the  'bettosR  of  -the  table.  _  _ _ _ _ _ _ _ 

■*■  We  have  implicitly  equated  uncertajaities  in  the  characteristic  nunibers  to  uncer¬ 
tainties  in  model  test  results,  since  results  frcm  such  model  tests  must  be  expres¬ 
sible  as  functions  of  the  toree  characteristic  numbers.  A  similar  set  of  analyses 
was  carriid  out  for  a  iOOO-pound  TBT  pi'ototype  explosion  at  lOO-fexjw  depth  and 
yielded  practically  identical  results  (Goertner,  1968). 
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Itifr  variation  vn«  inputted  to  the  ccsputb«lao  by  ailtiplylng  v.ie  calculated  A  /A  for  the  Bodel 
exploeloci  by  either  1.35  X  O.65. 
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AnEHDIX  c 

HIGffi-CSAVm  TASK  TSSTS  05  A  KOK-CRATERIMB  BOTIX^ 


As  mentioned  In  the  introduction,  one  jurpose  of  the  19^  series  to  reaol're 
an  apparent  discrepancy  betveen  the  hdbhie  h<^'7ior  (^served  in  the  ^hcuxia  Tank 
dtnring  the  1952  program  of  bottoo'^ot  tests  and  a  series  of  raodel  tests  oMrrled.  out 
in  the  Hi^-Grarity  Tank  hy  Shermn  (1965).  The  original  5i^>6rxrity  Tank  instsl- 
lation  using  the  Sauidia  Corpoiutlcn’s  centrifuge  described  in  detail  by  Price, 
Zuke,  and  Infoslno  (1964).  Sotsa  of  the  later  modifications  Incorpcrated  into  ths 
present  iastallation  at  SOL  were  teiefly  described  by  Bartlett  (l^5)* 

The  bubble  migration  behavior  from  the  G-tank  test  series  is  ehotsi  in  Figure 
C-1  as  a  function  of  the  diaracteristlc  nuafeers  (fiff^/Ajauc^e 

control  ^ots  at  the  saae  test  conditioxut.  5o  instances  of  bcd^le  sticH^  were 
observed.  On  the  deepest  shot— (|{E^/A,iax^c  *  --the  bubble  split  Into  two  parts, 
both  of  ^ich  migrated  upward.  The  upper  portion  acccwnted  for  sow  JOi  of  the 
total  voliaae. 

On  -these  tests,  the  transition  from  splitting  to  migrating  was  very  gradt»l 
and  occurred  some^ere  within  the  range  0.4  «  s  1.0»  These  borderline 

observations  au:*e  indica-bed  by  the  syisbol  in  Figure  C-l. 

Depth-versus-time  trajectories  for  the  top  of  either  -fche  bubble  or  the  upper 
portion  of  the  splitting  bubble  were  measured  and  compared  with  -those  from  ccrre- 
sporwilng  control  shots.  Significant  difference  between  these  trajectories  (retarda¬ 
tion  of  the  bottom-shot  bubble)  was  observed  only  for  the  two  deepest  cemditions. 

This  indicated  that  possibly  -the  (Questionable  cases  thould  be  classified  as  migrating 
bubbles,  ^ich  would  put  -Qie  -transition  from  splitting  to  migrating  at  about 
(gT2/A^)^  -  0.5. 

1 

On  neither  of  -the  two  conditions  -where  -the  bubble  -v»s  observed  to  split  did  the  ] 
lower  portion  remain  pulsating  on  -the  bottom.  i 

The  migration  behavior  just  described  is  qxiite  different  from  -that  obssi*ved  in 
•the  yacuum  Tank  \h.ere  the  entire  transition,  sticking  to  migrating,  to  >k  place  as 
(gT^/A^j^jc  increased  by  0.1  units.  It  is  also  quite  different  from  that 
inf errea  from  full  scale  tests  over  cratering  bottoms,  -^iiere  instances  of  -the  bubble 
sticking  to  -the  b<?ltcm  appear  to  have  occurred. 

Kic  very  gradual  -transition  frc4i.  splitting  to  migrating  may  be  due  to  the  fact 
that  the  Hi^-Gravity  Tank  bubbles,  like  full-scale  bubbles,  pulsate  more  -weakly 
thatn  those  in  the  Vacimm  Tank.  Ihe  fact  that  -there  were  no  sticking  bubbles 
observed  in  the  Hljdi-Gravity  Tank  tests  may  be  due  to  -the  different  effects  of 
cratering  a.nd  non-cratering  bottoms.  However,  -there  is  limited  evidence  of  a  strong 
Interaction  between  -the  test  tcink  and  the  ejqploslon  at  the  conditions  eiroloyed  for 
these  experiments,  and  it  has  not  been  possible  to  verify  that  -the  oscillation  and 
migration  of  control  shots  in  the  High-Gravity  Tank  is  in  agreement  with  full-scale 
bubnle  behavior,  no  firm  Interpi'e-tation  of  these  tank  da-t?  is  possible  sintil  -this 
quest i(Jn  is  resolved. 
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HIGH-GRAVfr»'  TANK  VACUUM  TANK 


HIGH-GRAVrrVTANK  BUBBLES  ON  A  NON-CRAT£RING 
FUNCTION  OF  feTVA^x).  AND  CA„.  /KJ  _ 


mm 


Th^  axp^ia^ts  vere  carried  oset  vlth  emll  dukrgsd  la  t^e  H>L  Tecum  T«s& 

{see  repcorbs  by  Soay,  Ctoertsaer,  and  Price,  1952;  Oscffissstt,  195^;  aad  Zubs,  1960). 
Bii#  static  tank  is  «a  T^igjst  btecl  cyliMssf  vltti  a  rsise^le  lid.  It  Is  ^  feet 
in  di«fi«ter  and  11  feet  k  inches  on  the  Inside.  Its  louer  section  (T  feet  2 

indies  hi^)  has  a  1-inch  thick  mil  and  tvo  opposing  13  z  ^6  x  l-ias&  t^ipearsd 
plate  glass  viewing  vlndovs  (Plgures  1  and  2;  Sjaiy,  Gowrtnsr,  and  Price,  1952). 

For  the  present  tests,  the  lower  section  ms  psrtlaUy  filled  wiife  tap  wstar 
\diich  ms  then  filtered  with  a  diatoa&ceons  earth  filter  etta<4»d  to  t3^  tank. 
Reduced  edr  pressure  above  the  water  ms  dbtain^d  with  a  five  HP  Stoloes  MJ.cs’orirac 
pmp.  Taia  pmp  was  also  used  in  ccm^unction  with  a  Tsedianical  pounder  (Figure  I-c, 
Goerbner,  1956)  to  de-aerate  the  water  prior  to  etsrting  the  teats  and  at  fewr  to 
five  shot  intervals  thereafter.  De-aeration  ti»e  was  about  one  hour  ijaing  an  air 
pressiire  near  the  vapor  pressure  of  the  water. 


The  water  temperature  was  controlled  by  clrcitlsting  throu^  either  a  6to?  heater 
or  a  chiller.  Measin^  water  temperatures  axe  believed  accurate  to  within  t  2**  F. 
Hie  air  pressujre  aver  the  shot  was  measured  with  a  Wallace  and  TIiaraan  Model  FA  173 
closed  taerciJry  manometer.  Measured  air  pressures  are  believed  accurate  to  within 
t  0.05  feet  of  mter. 

To  siimilate  the  effect  of  a  rigid  non-yielding  bottom,  a  false  bottom  consisting 
of  a  2-inch  thick  by  4U-inch  diameter  alvsmlnm  plate  bolted  to  a  heavy  steel  stand 
was  placed  in  the  tank.  Beyond  the  rcaximiaa  radius  expected  fox  the  bubble,  two 
metal  pins  protruded  from  the  bottom  to  provide  a  lineeir  scale  for  the  photogra;^s. 


The  charge*  was  of  the  so-called  "lollypop  design"  (Zuke,  I961)  constructed 
from  two  0,2-indi  diameter  hemispheres  of  unsoiUed  dext-rtnated  lead  azide  cemented 
together  around  a  sliver  of  printed  circuit  board.  The  assembled  charge  was  water¬ 
proofed  with  a  dip-coating  of  Magic  Vulc  Latex  compound.  The  charge  was  initiated 
by  exploding  the  0.031-inch  long  by  0.001-inch  diameter  Tophet  C  bridgewire  with  a 
23007-2^^^^  discharge.  The  shot-to-ahot  standard  deviation  of  tliC  period  and  radius 
coefficients  for  these  charges  is  estimated  from  prrevious  work  to  be  about  ±  2^). 


For  the  bottom  shons,  the  charge  was  located  with  the  stem  horizontal  with  its 
center  0.2  inch  (two  charge  radii)  from  the  aluminum  platef*  It  was  estimated  that 
this  was  close  enou^i  to  the  plate  to  sitsulate  a  bottan  shot  yet  far  enough  away 
that  the  plate  wculd  not  yield  or  crater.  In  order  tc  check  this  assumption,  one 
firing  condition  was  repeated  nine  times— three  times  with  each  of  the  following 
standoffs:  1,  2,  and  5  charge  radii.  No  signifJn»at  differences  in  bubble  behavior 
we,  detected  for  these  thz'ee  standoffs. 


Motion  pictures  (3OOO  frasjies/second)  were  taken  of  each  shot  using  a  l6iim 
Eastman  Ri^  Speed  camera.  One-millisecond  timing  marks  were  placed  on  one  edge  of 
the  film.  Silhouette _K|^tin5_ws_groYWed_by^a_275"Y^tt_^otof^09;d_buib_QYSC7QilLe^- 

■*  Manufactured  for  NOL  by  Maryland  Assemblies  Inc.,  Port  Deposit,  Maryland. 

**  Charge  located  at  center  of  tank  50  inches  from  bottom. 
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at  13^  volts  and  inaged  cm  tiae  caaera  lens  vlth  a  2^  x  20-lxidbi  Vresnel  lens  placed 
bi^iind  tlae  rear  window.  Tb»  photograihs  were  taken  with  Sbdak  Ltaagraih  l^eUknrst 
filB  developed  20  sdnartes  in  D-35  at 


*  In  interpreting  and  measuring  photographs  of  underwater  explosion  bubbles, 
additional  recorded  detail  is  needed  in  the  photogTfaphs  in  order  to  distinguish  the 
outline  of  the  explosion  bubble  from  clouds  of  frail  sir  b'ubblcs  and  other  debris 
sxispended  in  the  water.  For  this  purpose,  it  appears  thsi.  ^'.''or  film  or 
contrast  black  and  ■tAite  film  would  have  been  better. 
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abstract 


Ihe  behavior  of  the  explosion  bubble  in  contact  with  a  rigid  bottom  mas 
Investigated  on  a  small  scale  using  hi{^  speed  photography.  The  experiments  vere 
carried  out  in  a  vacuijm  tank  vlth  0.2'‘gram  diarges  fired  above  a  2-lndi  thick 
ftiumirwnn  plate.  Test  conditions  vere  varied  by  small  increments  so  that  a  complex 
seqxience  of  changing  btibble  behavior — from  bubbles  remained  intact  on  the 

bottom,  to  bubbles  ^Idi  split  into  tvo  or  more  parts,  to  bubbles  ^idb  separated 
from  the  bottom  Intact— vas  observed.  A  qualitative  description  of  the  bubble 
bdiavlor  along  vlth  its  dimensions  at  maximum  volume  and— for  strongly  migrating 
bubbles— at  winiwimi  volume  is  presented  in  dimensionless  form  as  a  function  of  the 
Inverse  Froude  number,  the  amplitude  of  oscillation,  and  the  distance  to  the  vater 
surface.  The  qualitative  behavior  appears  to  1>e  different  from  that  observed  vith 
HE  field  tests  on  cratering  bottoms.  Other  factors  being  eqtaal,  there  appesrs  to 
be  a  greater  tendency  for  a  bubble  to  stick  to  a  cratering  bottom. 
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